The dorsal ectoderm of vertebrate gastrula is first specified into anterior fate by an activation signal and posteriorized by a graded transforming signal, leading to the formation of forebrain, midbrain, hindbrain and spinal cord along the anteroposterior (A-P) axis. Transplanted non-axial mesoderm rather than axial mesoderm has an ability to transform prospective anterior neural tissue into more posterior fates in zebrafish. Wnt8 is a secreted factor that is expressed in non-axial mesoderm. To investigate whether Wnt8 is the neural posteriorizing factor that acts upon neuroectoderm, we first assigned Frizzled 8c and Frizzled 9 to be functional receptors for Wnt8. We then, transplanted non-axial mesoderm into the embryos in which Wnt8 signaling is cell-autonomously blocked by the dominant-negative form of Wnt8 receptors. Non-axial mesodermal transplants in embryos in which Wnt8 signaling is cell-autonomously blocked induced the posterior neural markers as efficiently as in wild-type embryos, suggesting that Wnt8 signaling is not required in neuroectoderm for posteriorization by non-axial mesoderm. Furthermore, Wnt8 signaling, detected by nuclear localization of b-catenin, was not activated in the posterior neuroectoderm but confined in marginal non-axial mesoderm. Finally, ubiquitous over-expression of Wnt8 does not expand neural ectoderm of posterior character in the absence of mesoderm or Nodal-dependent co-factors. We thus conclude that other factors from non-axial mesoderm may be required for patterning neuroectoderm along the A-P axis. q
Introduction
Vertebrate neural tissue is patterned into forebrain, midbrain, hindbrain and spinal cord along the anteroposterior (A -P) axis. This A -P axis in the neural plate is thought to be conferred by signals from the gastrula organizer (Doniach, 1993, and references therein) . To explain how the organizer patterns the neural A -P axis, Nieuwkoop suggested that the organizer produces two sequential signals (the two-signal model, Nieukoop, 1952; Toivonen and Saxen, 1968) . In this model, the first signal (activator), which emanates from the prechordal endomesoderm (early-involuting axial mesoderm: early organizer) neuralizes ectoderm as an anterior-type (fore-and midbrain: anteriorization), and the second signal (transformer) from the notochord precursors (late-involuting axial mesoderm: late organizer) transforms the already neuralized ectoderm in a graded fashion into more posterior types of neural tissue (hindbrain and spinal cord: posteriorization).
The zebrafish neural fate map at the onset of gastrulation, when a blastoderm margin thickens (germring) and an embryonic shield, the gastrula organizer in fish, is formed at the dorsal side of germring, showed that forebrain progenitors are located far from the shield and that posterior neural progenitors lie close to the germring lateral to the embryonic shield (Woo and Fraser, 1995) . This finding led the same authors to demonstrate that transplanted ventrolateral germring tissue, presumptive non-axial mesoderm rather than axial mesoderm, transforms the neighboring neural tissue into the tissue of more posterior character in zebrafish (Woo and Fraser, 1997) . Although this posteriorizing activity of non-axial endomesoderm has been subsequently confirmed in Xenopus (Bang et al., 1999) and chick (Muhr et al., 1999) , little is known about the molecular mechanism underlying posteriorization of neuroectoderm by non-axial mesoderm.
Both gain-of-function studies by injecting Xwnt8 DNA (Christian and Moon, 1993) and loss-of-function studies by injecting dominant-negative Xwnt8 (dn-wnt8) mRNA (Hoppler et al., 1996) suggested that Xwnt8 patterns ventro-lateral mesoderm. Fredieu et al. showed that ectopically expressed Xwnt8 acts on either dorsal mesodermal or neuroectodermal cells to cause a loss of forebrain in Xenopus embryos (Fredieu et al., 1997) . wnt8 expression study in bozozok mutants (Fekany-Lee et al., 2000) , and recent reports of the wnt8 morphant by anti-sense oligonucleotides and the wnt8 deficient mutant indicated that Wnt8 signaling is required for patterning of neuroectoderm along the A -P axis (Erter et al., 2001; Lekven et al., 2001) . Thus, it is now important to investigate whether Wnt8 is the neural posteriorizing factor itself that directly acts upon neuroectoderm in a graded fashion. To this end, we analyzed whether Wnt8 is required in neuroectoderm or not by cell-autonomously blocking Wnt8 signaling. As the components downstream to Wnt8 receptor are shared by other Wnt signaling, it is necessary to develop a specifically acting dominant-negative form of Wnt8 receptor. The receptor for Wnt8, however, still remained to be identified.
The receptor (or at least one of its components) for the Drosophila Wnt, Wingless (Wg), was identified to be the product of Drosophila frizzled 2 (Dfz2), a seven transmembrane-domain protein with a large number of related members from worm to human (Bhanot et al., 1996; Wang et al., 1996) . Wnt signaling is involved in early dorsoventral axial patterning at two stages, before and after the midblastula transition (MBT; Moon et al., 1997; Kane and Kimmel, 1993; Pelegri and Maischein, 1998) , which we refer to here as pre-MBT and post-MBT Wnt signaling. Ectopic activation of Wnt signaling before MBT by injecting Xwnt8 mRNA efficiently induces secondary axes in Xenopus (McMahon and Moon, 1989) . This pre-MBT Wnt signaling is an essential component of the early dorsalizing signal (Heasman et al., 1994; Moon et al., 1997) . However, whether Wnt and its receptor interaction are required for pre-MBT Wnt signaling remains to be settled (Hoppler et al., 1996; Wang et al., 1997a,b; Leyns et al., 1997; Sokol, 1996; Sumanas et al., 2000) . Post-MBT Wnt signaling seems to require interaction between Wnt and its receptor.
We first identified two frizzled genes which are expressed in a similar pattern to wnt8 and whose products interact with Wnt8 and produced the embryos in which Wnt8 signaling is cell-autonomously blocked using the dominant negative form of the Wnt8 receptor. Transplantation of non-axial mesoderm from wild-type embryos into embryos in which Wnt8 signaling is diminished suggests that Wnt8 may not be required in neuroectoderm to acquire the posterior character. We next show that activation of Wnt signaling was not detected in a graded fashion in neuroectoderm but confined to the marginal mesodermal region during gastrulation. Finally, we demonstrated that ubiquitous overexpression of Wnt8 does not expand neuroectoderm of posterior character in the posterior part of neuroectoderm in the absence of mesoderm or Nodal-dependent co-factors. These results strongly suggest that factors other than Wnt8 produced from non-axial mesoderm may posteriorize neuroectoderm.
Results
To block the Wnt8 signaling cell-autonomously in neuroectoderm, we first identified functional Wnt8 receptors by the following three criteria. Firstly, they are expressed covering the Wnt8 expression domain. Secondly, they interact with Wnt8. Thirdly, blocking the Wnt8 signaling by dominant negative forms of the receptors mimics the phenotype of Wnt8 mutant embryos.
2.1. Zebrafish fz8c and fz9 are expressed overlapping with the wnt8 expression domain Among 13 short frizzled cDNA fragments generated by degenerate PCR , the expression of Zg02 and Zg04 was found by in situ hybridization to cover the wnt8 expression domain. We then cloned full-length cDNAs for Zg02 and Zg04 through screening the zebrafish gastrula cDNA library. The full-length cDNAs for Zg02 and Zg04 both code for a signal sequence, a long stretch of hydrophilic extracellular domain, seven hydrophobic transmembrane domains and a carboxy terminal region (Fig. 1, Wang et al., 1996; Bhanot et al., 1996) . As the Zg04 full-length clone turned out to be a novel third member of the zebrafish fz8 family, and to have the highest homology to that of mouse fz8, we designated this gene as zebrafish fz8c. The full-length clone of Zg02 is designated to be zebrafish fz9 based on the homology to mouse fz9.
For both fz8c and fz9, transcription initiates at the sphere stage and continues through gastrulation and neurulation ( Fig. 2A) . Maternal transcripts could not be detected by Northern hybridization analysis. The spatial expression patterns of fz8c and fz9 are similar, except that fz9 showed more restricted expression spanning the germring (Fig. 2B) . As reported previously (Kelly et al., 1995b) , wnt8 expression was detected from the 50% epiboly stage at the blastoderm margin (Fig. 2B(e) ). With the morphological appearance of the dorsal embryonic shield, wnt8 expression is lost from the shield but fz8c and fz9 continue to be expressed around the margin of the embryo (Kelly et al., 1995b) . The dorsal midline in the marginal zone loses fz9 expression from the 80% epiboly stage onward (Fig. 2B(j) ). The expression domain of fz8c is wider at the marginal zone, which encompasses prospective hindbrain region, detected by hoxa1 expression (Fig. 2B(f) , Alexandre et al., 1996; Woo and Fraser, 1997) , and reduction of its expression at the dorsal midline was not detected (Fig. 2B(i) ). The expression of wnt8 is restricted to hypoblasts (Fig. 2B(n) ), whereas weak expression of fz8c and fz9 are detected in epiblasts as well (Fig. 2B(l, m) ). After gastrulation, fz8c and fz9 expression both shift to the dorsal neural keel along the A -P axis in the neurula (Fig. 2B(t, u) ).
Fz8c and Fz9 efficiently interacts with Wnt8
In Xenopus, Xwnt5A and Hfz5 were shown to interact to induce secondary axes when injected into the ventral blastomeres (He et al., 1997) . We, therefore, co-injected zebrafish wnt8 and fz8c or fz9 mRNAs into one-cell stage zebrafish embryos at such a dose that each mRNA alone does not have any effects. Co-injection of low doses of wnt8 (25 pg) and either fz8c or fz9 (25 pg) mRNA caused strong dorsalizing effects leading to the "bustled" to "radialized" phenotypes ( Fig. 3D , E and Table 1 , Kelly et al., 1995b; Stachel et al., 1993) . These co-injections consistently produced secondary axes with complete heads, as does bcatenin mRNA injection (Fig. 3F , G, Kelly et al., 1995a) , whereas wnt8 mRNA injection alone never does this (Kelly et al., 1995b) . Injection of high amount of wnt4 or wnt11 mRNA injection induces the phenotype caused by morphogenetic defects during gastrulation (Fig. 3I , Ungar et al., 1995; Makita et al., 1998) . Co-injection of a low amount of expression is lost and fz8c expression (f, i) is weakly reduced (arrow head) by 80% epiboly. (l-n) fz8c, fz9, and wnt8 are strongly expressed in hypoblasts. fz8c and fz9 are weakly expressed in epiblasts as well. (o-q) At the three-somite stage, wnt8 expression is restricted to the bud region; fz9 expression is less restricted to the bud and has an additional expression domain in the midbrain; fz8c is expressed ubiquitously. (r, s) At the 10-somite stage, the fz9 expression domains in the midbrain and the bud expand to the dorsal neural keel, whereas fz8c expression still remains ubiquitous. (t, u) At 24 h, fz8c and fz9 expression is restricted to the dorsal neural keel, spanning from the diencephalon to the spinal cord. fz8c is also expressed in the diencephalons (arrow). mRNA for zebrafish wnt4 or wnt11, members of the second class of Wnts without axis-duplicating activity in Xenopus (Du et al., 1995) , together with fz8c or fz9 did not mimic the phenotype of injection of a higher amount of wnt4 or wnt11 mRNA.
2.3. mRNA injection of a dominant-negative form of fz8c or fz9 mimics the phenotype of Wnt8-deficient mutants As Bhanot et al. showed that the extracellular domain of Fz, which is rich in cysteines (cysteine-rich domain; CRD) is sufficient to bind Wnt ligands (Bhanot et al., 1996) , we hypothesized that the extracellular domain, encompassing the CRD of Fz8c or Fz9, should interfere with the interaction of Wnt8 and Fz in vivo. We designed three constructs with different sizes of deletions in the intracellular domain of Fz and injected mRNA produced from these constructs. Injection of a high dose (200 pg) of truncated fz mRNAs resulted in the phenotype reminiscent of the silberblick mutant (Heisenberg et al., 2000) and Wnt4 and Wnt11 overexpression phenotype (Ungar et al., 1995; Makita et al., 1998) , probably caused by morphogenetic defects, similar to that of high-dose mRNA injection of fulllength fz (Fig. 3I ). Injection of a low dose (25 pg) of truncated fz8c or fz9, or co-injection of both failed to produce consistent phenotypes.
It has been reported that Fzb1 is a natural inhibitor of the Wnt -Fz interaction in Xenopus (Leyns et al., 1997; Wang et al., 1997a) . XFzb1 has an extracellular domain with a CRD homologous to that of Fz. XFzb1 does not have a seven-transmembrane and an intracellular domains but does have a FUN domain of unknown function (Leyns et al., 1997) . As XFzb1 is secreted and works as a competitor of Fz to block the interaction between Wnt8 and Fz (Wang et al., 1997b) , we cloned zebrafish fzb1 to perform a loss-offunction study of fz8c and fz9 in zebrafish (Shinya et al., 2000) . The constructs of the CRD domain of Fz8c and Fz9 fused with the FUN domain of zebrafish Fzb1 did not have any effect when injected alone (data not shown). mRNA coinjection of fz8c and fz9 fused with the FUN domain worked as efficiently as Fzb1 with slight morphogenetic defects during gastrulation. We, therefore, used zebrafish fzb1 for the following analysis to block the interaction of both Fz8c and Fz9 with Wnt8.
To demonstrate the blocking specificity of zebrafish Fzb1, we co-injected fzb1 mRNA with wnt and fz mRNAs to neutralize the protein interaction. Co-injection of fzb1 mRNA with wnt8 and fz8c or fz9 effectively inhibited the production of dorsalized phenotypes (Table 1) . Induction of ectopic expression of bozozok (boz), a target of the early Wnt signaling, by the interaction of fz8c or fz9 with wnt8, was completely blocked by co-injecting fzb1 mRNA (data not shown). In contrast, co-injection of wnt4 or wnt11 mRNA with fzb1 mRNA did not block the morphogenetic effect of these Wnts (data not shown). These results demonstrate that Fzb1 specifically blocks Wnt8 -Fz8c and Wnt8-Fz9 interactions.
As reported in Xenopus, zebrafish fzb1 mRNA injection did not affect the initial axis formation detected by the expression of boz at the sphere stage when boz expression initiates. This suggests that Wnt ligands whose action can be blocked by Fzb1 are not involved in the pre-MBT Wnt signaling (data not shown). Low-dose injection (25 -100 pg) of fzb1 mRNA resulted in embryos with an enlarged head with slight reduction of the tail, whereas high-dose (200 -500 pg) injection caused graded truncation of the tail and the trunk in a dose-dependent manner (Fig. 4A) . Nonspecific morphogenetic defects were not observed even at high-dose fzb1 mRNA injection. An enlarged head can be seen already from the mid-somite stage (Fig. 4B) . The eyes became almost twice as big as in normal embryos at 26 h (Fig. 4C) . In situ hybridization analysis of 10-somite stage Fig. 3 . Fz8c and Fz9 strongly synergize with Wnt8 to dorsalize embryos. mRNAs of fz8c or fz9 (25 pg) were co-injected with that of wnt8 (5 pg) at a dose that for each mRNA alone does not give rise to any phenotypes. fz and wnt8 mRNA co-injected embryos showed a continuum of dorsalized phenotypes at 24 h. (A) Wild-type; (B) eye-defect; (C) loss of ventral structures such as blood island and ventral tail fin; (D) radialized and (E) bustled embryos. (F, G) Embryos with a complete secondary axis were found at high frequency among the co-injected embryos. (F) An embryo with duplicated heads as well as tails (arrow). (G) Some embryos have a secondary axis with a complete anterior head (arrowhead). wnt8 mRNA injection alone at the high dose (100 pg) can induce strongly dorsalized phenotypes as in (B-E), but never induced secondary axes. (I) A high amount of full-length or truncated forms of frizzled mRNA injection leads to the phenotype caused by morphogenetic defects during gastrulation, compared to the control as in (H).
embryos with A -P markers revealed that the pax2.1 expression domain in the forebrain becomes enlarged (Fig. 4D, E) . The expansion of the anterior brain could potentially occur either through proliferation of cells of anterior character or alteration in A -P cell fate specification. To discriminate these possibilities, we examined expression of A -P markers during gastrulation, when A -P specification takes place (Grinblat et al., 1998) . In fzb1 mRNA injected embryos, the otx2 expression domain, that corresponds to the presumptive fore-and midbrain, expanded posteriorly at the expense of the hoxa1 expressing domain, that corresponds to the hindbrain and spinal cord (Fig. 4H) . It also seems unlikely that extensive cell proliferations occur during gastrulation, all suggesting that the expansion of the anterior brain occurred due to alteration in cell specification along the A -P axis.
As the trunk mesoderm is reduced in high-dose fzb1 mRNA injected embryos (Fig. 4A) , we examined specification of paraxial mesoderm. The paraxial mesoderm marker, tbx6, is strongly reduced in high dose fzb1 mRNA injected embryos at 80% epiboly (Fig. 4K) . At the onset of gastrulation, ntl expression at the marginal mesoderm, from which paraxial mesoderm originates, was also reduced in fzb1 mRNA injected embryos (Fig. 4M) . As reported previously in Xenopus (Hoppler et al., 1996) , inhibition of Xwnt8 signaling by the injection of a dominant-negative form of Xwnt8 (dn-Xwnt8) led to the expansion of dorsal mesoderm. Inhibition of Wnt8 signaling by the dominantnegative form of Fz8c and Fz9 induced similar effects (Fig.  4O) .
Fzb1, the dominant-negative form of Fz8c and Fz9 may potentially block other similar Wnts. However, since (1) wnt8 mRNA injections have the reverse effect of fzb1 mRNA injections (Fig. 4F, I ), (2) no other Wnts are reported to be expressed during early gastrulation in zebrafish, and (3) mRNA injection of fzb1 mimicks the phenotype of Wnt8-deficient zebrafish mutants (Lekven et al., 2001) , our data strongly suggest that the dominant-negative form of Fz8c and Fz9 antagonizes the effect of Wnt8 in vivo.
Taken together, the three lines of evidence above strongly suggest that Fz8c and Fz9 are functional Wnt8 receptors.
Wnt8 may not be cell-autonomously required in neuroectoderm for posteriorization
We next asked whether anteriorization of neuroectoderm is caused by the blockage of Wnt8 signaling in neuroectoderm or indirectly by the reduction of non-axial mesoderm that produces other direct neural posteriorization factors. For this purpose, we transplanted non-axial mesoderm of wild-type embryos into the prospective anterior neural tissue of embryos that cannot receive Wnt8 signaling (Fig.  5 ). To create embryos upon which Wnt8 cannot act, we injected membrane anchored fzb1 mRNA ( fzb1 -gpi) into one-cell stage embryos (Cadigan et al., 1998) . Membrane- The phenotype as in Fig. 3D and E. The phenotype as in Fig. 3F and G.
anchored Fzb1 was needed to prevent Fzb1 from diffusing into the implants and thus to maintain their non-axial mesodermal properties. fzb1 -gpi mRNA injection blocked dorsalization by wnt8 and fz8c or fz9 mRNA co-injection as efficiently as fzb1 mRNA (data not shown). In fzb1 -gpi mRNA injected embryos, non-axial mesoderm was strongly reduced to the same extent as in Wnt8-deficient mutant embryos (Fig. 5B, D , Lekven et al., 2001) . Both the presumptive hindbrain and spinal cord marker hoxa1 and the presumptive spinal cord marker vHNF1 are also strongly reduced or lost (Fig. 5B, D , Thisse et al., 2000) , confirming that Wnt8 signaling is significantly blocked. Non-axial mesodermal implants from a wild-type embryo into the prospective anterior region of fzb1 -gpi mRNA injected embryos retained their non-axial mesoderm identity, as detected by tbx6 expression. These implants induced the posterior neural markers as efficiently as in wild-type embryos ( Fig. 5F , H; a mean of 2.6 cell-widths of hoxa1 induction in 29 control embryos and 2.7 cell-widths in 58 fzb1 -gpi mRNA injected embryos; 1.9 cell-widths of vHNF1 induction in 20 control embryos and 1.7 cell-widths in 27 fzb1 -gpi mRNA injected embryos). This result suggests that Wnt8 may not be required in neuroectoderm for posteriorization by non-axial mesoderm. Given that Wnt signal acts as a transforming signal that posteriorizes neuroectoderm in a graded manner, Wnt signaling should be activated in a graded fashion in neuroectoderm along the A -P axis. We, therefore, examined nuclear localization of b-catenin protein along the A -P axis, since b-catenin protein is known to translocate to the nucleus upon activation of Wnt signaling (Schneider et al., 1996; Rowning et al., 1997; Schohl and Fagotto, 2002) .
Cells with nuclear localized b-catenin coincide with those expressing wnt8 in marginal zone and graded activation of Wnt signaling was not detected in neuroectoderm at the 70% epiboly stage (Fig. 6B, B 0 ). Taken together with our finding that Wnt signaling is not required in neuroectoderm for its posteriorization by non-axial mesodermal implants, Wnt signaling may not act as a transforming signal that directly posteriorizes neuroectoderm. We finally tested the possibility that other factors emanating from non-axial mesoderm act as a transforming signal, by examining whether Wnt8 can posteriorize neuroectoderm in the absence of non-axial mesoderm (Fig. 7) . Since lefty or antivin mRNA injection blocks Nodal signaling and abolishes mesoderm completely in zebrafish (Thisse and Thisse, 1999; Meno et al., 1999) , we examined hoxa1 and otx2 expression in wnt8 and high and low dose of lefty mRNA co-injected embryos. Although embryos co-injected with wnt8 and lefty mRNAs formed neuroectoderm as detected by sox19 (Fig. 7L , Vriz et al., 1996) , Wnt8 could not expand hoxa1 expression in the posterior part of neuroectoderm (Fig. 7H) . The low-dose antivin mRNA injected embryos that show similar phenotype to that of cyclops;squint double mutants also showed the same defect (data not shown). frizzled 8c and frizzled 9 were expressed in antivin mRNA injected embryos suggesting that inability of posterior neuroectoderm to respond to Wnt8 may not be due to the loss of the receptors. This suggests that Wnt8 requires mesoderm or Nodaldependent co-factors for posteriorization of the posterior part of neuroectoderm. Non-axial mesoderm, therefore, may produce factors other than Wnt8 that are required in neuroectoderm for its posteriorization. Wnt8 may instead be required for specifying and maintaining non-axial mesoderm to induce other neural posteriorizing factors that directly act upon posterior neuroectoderm. To our surprise, ectopic expression of Wnt8 suppressed otx2 expression in lefty mRNA injected embryos (Fig. 7C) , suggesting that the anterior and posterior parts of neuroectoderm may be different in their requirements for mesoderm or Nodal-dependent co-factors when posteriorized by Wnt8.
Discussion

Wnt8 may not be a posteriorizing factor that act directly upon neuroectoderm
Identification of functional Wnt8 receptors enabled us to cell-autonomously block Wnt8 signaling and demonstrate that Wnt8 signaling may not be required in the posterior part of the neuroectoderm. However, in our experimental condition in which we use anterior neural plate to detect the posteriorizing activity on non-axial mesoderm, the possibility remains that the threshold of Wnt signaling required in the marginal zone might be different from the one needed for ectoderm posteriorization in animal pole ectoderm. Furthermore, we found that expansion of neural tissue of posterior character in the posterior part of neuroectoderm by Wnt8 requires mesoderm or Nodal-dependent co-factors. Other factors including Nodal-dependent co-factors from mesoderm may directly act upon neuroectoderm to induce posterior character.
3.2. The anterior and posterior part of neuroectoderm may be different in the requirement for mesoderm for their posteriorization by Wnt8
Ectopic activation of Wnt signaling transforms forebrain into midbrain in the anterior part of neuroectoderm in headless and masterblind mutant embryos in which tcf3 and axin, both of which are negative regulators of the canonical Wnt pathway, are mutated, respectively (Kim et al., 2000; Heisenberg et al., 2001) . Our finding that Wnt signaling may not require mesoderm in the anterior part of neuroectoderm for it to acquire a more posterior fate suggests that Wnt signaling may be directly involved in the polarization of the anterior part of the neuroectoderm (Fig.  6D) . Thus, our finding is compatible with the findings in the headless and masterblind mutants. From these lines of evidence, we propose that there should exist graded Wnt activity, low in the forebrain and high in the midbrain, in the anterior part of the neuroectoderm. Indeed, Wnt8b is expressed in the prospective midbrain after mid-gastrulation when anterior neuroectoderm is specified (Kelly et al., 1995a,b) . Therefore, Wnt8b may be involved in the A -P patterning within the anterior part of the neuroectoderm (Momoi et al., manuscript in preparation). This hypothesis is compatible with our previous finding that dkk1 mRNA injection resulted not only in anteriorizing neuroectoderm by blocking Wnt8 function in non-axial mesoderm, but also in anteriorizing the anterior part of the neuroectoderm (expansion of telencephalon and reduction of midbrain) probably by blocking Wnt8b function (Shinya et al., 2000) . The recent report by Houart et al. that local antagonism of Wnt signaling establishes the telencephalon (Houart et al., 2002 ) is in line with our hypothesis.
In contrast to Wnt8b, Wnt8 is expressed from early gastrulation and required for posteriorization of neuroectoderm that initially acquired the anterior fate (Erter et al., 2001; Lekven et al., 2001 and this study). Thus, it seems that Wnt signaling is involved in A -P patterning of neuroectoderm twice during gastrulation, initially along the whole neuroectoderm by Wnt8 and subsequently along the anterior part of neuroectoderm by Wnt8b.
Fz8c and Fz9 are functional receptors for Wnt8
Three lines of evidence, namely that (1) fz8c and fz9 are spatially and temporally expressed similarly to wnt8, (2) Fz8c and Fz9 specifically interact with Wnt8, and (3) blocking both Fz8c and Fz9 function mimics the Wnt8-deficient mutant phenotype, strongly point to Fz8c and Fz9 as functional Wnt8 receptors in zebrafish. Lekven et al. reported that the zebrafish Wnt8 locus encodes for two kinds of Wnt8, Wnt8 ORF1 and ORF2 (Lekven et al., 2001 ). Coinjection of anti-sense oligos for Wnt8 ORF1 and ORF2 are required for mimicking the Wnt8 deficient mutant phenotype. As co-injection of the dominant-negative form of Fz8c and Fz9 is necessary to mimic the Wnt8-deficient mutant phenotype, Fz8c and Fz9 may potentially be receptors for either Wnt8 ORF1 or ORF2.
Ventral injection of Xenopus or zebrafish wnt8 mRNA induces secondary axes in Xenopus. wnt8 mRNA injection into one-cell stage zebrafish embryos does not induce secondary axes (Toyama et al., 1995) , whereas b-catenin mRNA injection can induce secondary axes in zebrafish (Kelly et al., 1995a) . This suggests that the early Xenopus embryos may have a Fz that interacts with Wnt8 but that zebrafish early embryos probably do not have any Fz that interacts with Wnt8. Interestingly, co-injection of Xwnt8 with zebrafish fz8c or fz9 mRNA does not induce secondary axes in zebrafish (Furutani-Seiki et al., data not shown). Conversely, it has been reported that Xwnt5A, which does not induce secondary axes when injected alone, interacts with hfz5 (He et al., 1997) to induce secondary axes in Xenopus. It is thus possible that interactions of Fz and Wnt of heterologous origin may not reflect the actual function of each component.
Experimental procedures
Isolation and characterization of full-length zebrafish frizzled cDNA clones
In situ hybridizations were carried out to look for frizzled genes whose expression domain overlaps with that of wnt8 during gastrulation. DIG labeled mRNA probes were generated from 13 short PCR fragments of zebrafish frizzled cDNAs (generously provided by Drs. Wang and Nathans, Wang et al., 1996) . Full-length cDNA cloning of Zg02 and Zg04 cDNA fragments was carried out according to the standard protocol (Sambrook et al., 1989) . A zebrafish gastrula cDNA library (a generous gift from Dr Grunwald) was used for the screening. Five clones were obtained for both Zg02 and Zg04 and all sequenced in both directions with an automatic fluorescent sequencer LONG READIR 4200 (LI-COR) using synthetic oligonucleotide primers.
The nucleotide sequences encoding for the zebrafish Fz8c and Fz9 proteins as reported in this article have been deposited in the GenBank nucleotide sequence database under the accession numbers AF117387 and AF117388, respectively.
Fish maintenance and embryo production
Fish were maintained and experimental embryos were produced essentially as described in "The Zebrafish Book" (Westerfield, 1994) . Embryos were raised at 27 8C. For convenience, we use "h" to denote "hours post-fertilization" at 28.5 8C to indicate different stages of development according to the standard morphological criteria (Kimmel et al., 1995) .
Preparation of total RNA and Northern hybridization analysis
Total RNAs were prepared by the AGPC (acid guanidinium phenol chloroform) method (Chomczynski and Sacchi, 1987) . 10 mg of denatured total RNA was loaded per lane. Transfer of RNA to the filter and hybridization were performed by standard methods (Sambrook et al., 1989) with some modifications.
Single and double color whole-mount in situ hybridization
Digoxigenin-labeled and fluorescein-labeled probes were synthesized by in vitro transcription using T3, T7 and SP6 polymerases. Single and double color wholemount in situ hybridizations were carried out by the protocol (Schulte-Merker et al., 1992) and the recent protocol (Weidinger et al., 1999) , respectively.
mRNA and antisense-oligo microinjection
Constructs to produce mRNAs encoding full-length, GPI-anchored, truncated and out-of-frame zebrafish fz8c, fz9, mouse lefty1 were created by cloning corresponding fragments amplified by high-fidelity PCR into the CS2 þ plasmid (Rupp et al., 1994) . The FUN domain of zebrafish Fzb1 (registered at Genbank as AF116853), CLCPPLTAN-DEYIIMGYENEERSRLLLIDRSIAQKWKE-KIGRKVKRWDQKLR, was added to the carboxy-terminal of the CRD domain of Fz8c or Fz9 to make Fz8c-Fun or Fz9-Fun, respectively. Capped sense mRNAs were synthesized using the mMessage mMachinee in vitro transcription kit (Ambion).
Immunofluorescence and image analysis
As previously described (Schohl and Fagotto, 2002) , embryos were fixed and cryosections were stained with the following antibodies: affinity purified rabbit anti-b-catenin (Schneider et al., 1996) (1 mg/ml), mouse anti-P-ERK (1/ 250; Sigma). Secondary antibodies were donkey antimouse Alexa488 (1/100 Molecular Probes) and donkey anti-rabbit Cy3 (1/100 Dianova). The nuclei were counterstained with DAPI, and the yolk with Eriochrome Black (Sigma). The following image analyses were carried out according to the procedure described by Schohl and Fagotto (2002) .
